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I. Introduction 
The name booster has been applied in recent years to a variety of 
synchrotrons which have in common at least those which accelerate 
protons-that they are part of the injection system into the synchrotron 
proper or main ring (MR). Hence accelerators are then arranged in cascade: 
linac-booster-MR. Up to the time of writing none of these boosters 
is in operation but a few are under construction, others are waiting for 
authorization. Boosters in general allow high intensity performance, but 
in addition when incorporated into a superhigh-energy (SHE) accelerator, 
they make the.MR cheaper. In extreme cases the MR would not be fea-
sible without a booster. This is mainly because they allow a high trans-
fer energy so that 
I) the frequency swing of the MR rf system is reduced 
II) the MR injection field becomes so high that remanent field prob-
lems almost-disappear 
III) the MR aperture requirements are reduced because of the smal-
ler beam emittance at high energy and because of the much smaller 
remanent field contribution to the closed orbit excursion. 
Since the MR is a very expensive item, the resulting savings more 
than make up for the cost of the booster. Therefore typical SHE acce-
lerators incorporate a booster in their injection system right from the 
beginning. 
Let us define 100 GeV as the lower limit for SHE. It is sufficient 
to consider only projects up to 1000 GeV since plans to reach higher 
energies are so vague for the time being that their injection systems 
need not be discussed here. 
2. History 
The earliest study originates from the Californian Institute of Tech-
nology1,2,3 . It is surprising how little has changed in the fundamental 
concepts since their 300 GeV proposal; in other words Math. Sands and 
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his cooperators made very good guesses 10 years ago. SHE accelerators 
have further been studied by LRL4 aiming for 200 GeV, CERN for 
300 QeV5, BNL for 300-1000 GeV6, the Institute for Theoretical and 
Experimental Physics, Moscow for 500 GeV7 and the Radiotechnical 
Institute, Moscow (RIM) for 1000 GeV8. At present there are three SHE 
accelerators under construction or design which will be quoted as 
examples. 
I) the 200/400 GeV at NAL14 
II) the 300 GeV at CERN 
III) the 1000 GeV at RIM 
Since only the NAL project is authorized, statements referring to 
GERN and RIM can only be preliminary. 
Reference is made to a conference paper by F. A. Vodopyanov 
et al.9, concerning two new versions of the RIM booster. Only the 
first (older) version is commented on here. 
3. High intensity 
Consideration of the problem of how to achieve a high intensity in 
the MR leads to the selection of the particular type and the best com-
promise for the linac energy and the transfer energy. Since the MR re-
petition rate is limited by the cost of the rf and the magnet power sup-
ply the problem is essentially to achieve a high number of particles per 
pulse in the MR. Obviously, the whole MR circumference should be 
filled homogeneously and again the transfer energy should be high be-
cause the space charge limit increases with energy. Since the whole MR 
charge has to pass the booster whose bottle-neck for space charge occurs 
at linac energy it is clear that the total MR pulse has to be sub-divided 
in some way. The most straightforward method is the fast cycling boos-
ter which is already mentioned in 2), where credit is given to Courant, 
Snyder and Walker. The subsequent batches from the fast cycling boos-
ter are stacked longitudinally in the MR preferably head to tail. The 
transverse booster beam emittances are preserved apart from matching 
and transfer errors. This method of filling the MR needs time since the 
booster must produce between thirteen and nineteen batches for our par-
ticular examples. The filling time can be kept small by making the 
booster fast. Repetition rates range from 15 Hz to 20 Hz for our three 
cases and lead to filling times of less than 1 sec. There arise problems 
in the design of the booster magnet which are well known since elec-
tron synchrotrons operate at 50 Hz and 60 Hz but the rf requirements 
are very severe. 
There are two essential alternatives to the fast cycling booster: the 
slow cycling booster and cascade schemes with at least one more stage. 
Slow cycling boosters cannot compete with the fast cycling type for SHE 
accelerators for reasons of complexity and performance. The simplest 
method which relaxes the severe rf situation in the booster by incorpo-
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rating one more stage was seriously studied at NAL in early 1968: the 
addition of an accumulator. This is a non-accelerating ring of the MR 
radius and housed in the same tunnel. It allows one to relax the repe­
tition rate from 15 Hz to about 5 Hz and to eliminate the filling time 
altogether. Although this accumulator was of an extremely simple design 
it was rejected by NAL since no cost savings could be found and the 
overall system was more complex. There arises also the danger of beam 
degradation by the additional beam transfer. Other schemes were stu­
died at NAL and CERN involving at least one more accelerating ring. 
They may become necessary for accelerators beyond 1000 GeV but have 
all been ruled out for reasons of cost and complexity, which are even 
more pronounced than for the accumulator. 
Thus at present the cascade: linac-fast cycling booster-MR has been 
adopted as the best injection method for the three SHE accelerators in 
spite of the fact that the MR cycling time must be prolonged for filling 
and the rf requirements are severe. In the following are described those 
features of fast cycling boosters which are not already common to other 
proton synchrotrons. 
4. General layout and lattice 
One major decision to be made early in the design is whether the 
booster should serve only as an injector or also as an experimental fa­
cility, which is possible in principle, since the booster has nothing to 
do between the MR filling operations. There was little or no demand at 
NAL and CERN, for the 8 GeV proton booster to act as anything but an 
injector. The RIM booster with its more valuable 18 GeV protons is also 
intended forhigh energy physics and includes the possibility of slow 
extraction. That requirement has led to the development of an uncon­
ventional, very interesting power supply, as will be discussed later. 
Many people feel, however, that one should not complicate the booster 
more than necessary and should keep the beam loss very low, a re­
quirement which is hard to reconcile wtth slow extraction. 
For all three boosters focusing and straight section requirements 
could be met with a FOFDOD combined function lattice. The two 8 GeV 
boosters have no magnet superperiods. The mid-D straight-sections are 
long, the mid-F sections rather short (see Table 1). The NAL booster 
is larger in radius since it was originally planned for 10 GeV transfer 
energy. The much larger 18 GeV booster of RIM with 50 normal periods 
has 10 long π insertions using triplets (see9). 
5. Magnet and Vacuum 
NAL and RIM have chosen H-type magnets, the blocks assembled 
on a curve to eliminate the sagitta. CERN prefers C-magnets of only 
open type which are straight over the whole D and F parts respectively. 
The 15 to 20 Hz booster compared with 50 to 60 Hz electron machines 
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allows a few simplifications in the magnet and vacuum design since eddy 
currents are smaller. Stranded cables for the coil conductors can be rep-
laced by hollow bars if the conductor size is squeezed by going to fair-
ly high current densities and low currents. 
Also the foolproof but expensive alumina vacuum chamber is not 
necessary. CERN aims for a thin foil metal vacuum chamber with inter-
nal ribs, RIM for a slotted metal vacuum chamber made vacuum tight 
with the very radiation resistant polyimide. NAL has eliminated an in-
ternal vacuum chamber altogether as at Cornell by enclosing the magnet 
externally. This does not only avoid the design problems of the internal 
chamber but also allows a reduction in magnet cross section. It has yet 
to be shown whether these advantages are greater than the disadvantages 
of being forced to use diffusion pumps instead of ion pumps and to ex-
pose delicate things like the coils to irradiation inside the vacuum. 
Anyhow, the performance of the Cornell machine is encouraging, also 
progress has been made at NAL in the direction of better hot setting 
epoxy resins. 
6. Magnet power supply 
The standard solution is the superposition of ac and dc in a reso-
nant network as first applied by PPA and since then known as White-Circuit. 
This type has been adopted at NAL and CERN. NAL has de-
veloped a simplified generator with SCR sets bv which ac and dc are 
series pumped through the magnets. An advantage of this system is that 
it allows effectively doubling of magnet groups since splitting of the 
particular choke for the sole purpose of dc input is no longer necessary. 
NAL has already the maximum number of magnet groups namely one 
per F-D pair. Their chokes and condensors are housed in the magnet 
girder as at Cornell. CERN prefers fewer and larger chokes in open air. 
A modification there is the superposition of a small amount of a fifth 
harmonic in order to achieve a smoother field rise at injection. This 
is advantageous for Qs and the bunching factor and so provides larger 
space charge capacity. The fifth harmonic also provides a longer flat top 
which should help in the difficulty of rf synchronization at transfer. 
The power supply of RIM has no dc bias. Excitation is achieved 
by discharging a condensor into a circuit which is resonant for half the 
repetition frequency and its third harmonic. The cycle corresponds to a 
half sine wave of the fundamental frequency, the condensor is recharged 
always to the same polarity. The third harmonic provides a smooth rise 
at injection. Flat top starts automatically. Switching of thyristors is ne-
cessary to terminate the flat top and to start the cycle. All groups ope-
rate in parallel so that the fields are equal if the inductances are equal. 
This circuit looks very attractive for long flat top operation and seems 
to be cheaper than a White circuit with flat top facility included, but 
more expensive than an ordinary White circuit. However, intermissions 
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between MR fillings are equally possible and would save on the power 
bill. This sort of operation requires that no coupling modes occur with 
transient times comparable to the MR cycling time. Otherwise the first 
cycles after an intermission would not be sufficiently identical. 
7. Injection and ejection 
Injection into a fast cycling booster is like injection into any syn-
chrotron. NAL plans for 4 turn injection while CERN and RIM have rea-
sons for starting with single turn injection regarding more turns (3 at 
RIM) as an option for later intensity improvement. 
Ejection has improved since the early Caltech studies10. There are 
two ways of saving on fast kicker requirements compared to a full aper-
ture with a horizontal kick. These are 
I) vertical kick with full aperture kicker 
II) horizontal kick with partial aperture kicker 
At NAL and CERN the first scheme will be used, at RIM the se-
cond. Subsequent extraction elements will also deflect vertically at NAL. 
A rather larger horizontal bump will be necessary at CERN and RIM for 
steering the beam below the septum or into the partial aperture kicker 
respectively since these components cannot, of course, be plunged. On 
the other hand problems have to be solved at NAL in order to provide 
enough vertical space upstream of the septum for both the circulating 
beam and the kicked beam. 
8. The rf System 
Considerations of the pure beam dynamics show that a frequency 
in the neighbourhood of 100 MHz is a good compromise for the rf sys-
tem of a fast cycling booster. At much higher frequencies Qs becomes 
excessive and beam observation is more difficult; at too low a frequency 
the bunching factor gets a considerable droop after injection. Technical 
considerations also influence the choice of the frequency range. 
Ferrite tuned cavities are easier to design for lower frequencies be-
cause of their loss characteristics. Mechanically tuned cavities are more 
elegant at higher frequencies since their dimensions and the masses of 
the moving parts becoms smaller. The choice of the frequency is further 
influenced by the linac and the MR rf system. 
In all three cases the booster final frequency is synchronized to the 
MR. At CERN and RIM the booster initial frequency is half the linac 
frequency. At NAL no rational relationship exists between linac and 
booster frequencies, the beam debunches after injection into the booster 
and is retrapped adiabatically. The more conventional ferrite tuned cavi-
ties have been chosen at NAL and RIM, mechanicaly tuned cavities at 
CERN. The folowing properties are in favour of the mechanically tu-
ned cavities: 
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I) very small tuning losses { thus little cooling ploblems 
II) high shunt impedance 
III) small outside dimensions and weight 
In order to benefit from these advantages some other problems have 
to be solved. 
I) At the high quality factor obtainable tuning errors and reactive 
beam load are more critical. This requires rather precise phase-lock sys­
tems and a generator capable of compensating for reactive beam load to 
the extent of the remaining tuning errors. 
II) The tuning gap is small, compressed air is applied to suppress 
sparking. However, compressed air is already necessary for cooling and 
for the air bearings of the tuning piston. 
Some r. f. parameters are summarized in table II. 
9. Phasing for ejection 
A fast booster has to transfer particles when the MR is already 
partly filled. Since debunching and retrapping are not practicable the 
booster bunches must be synchronized and brought into the correct phase 
with respect to the MR buckets. In addition the particle energy must be 
correct. The transfer kickers are triggered such that the head of the 
booster batch joins to the tail of particles in the MR. This problem was 
first studied by Tollestrup11. A fast non-adiabatic method was proposed 
by Resegotti and Schnell12 for the CERN booster. LRL indicated among 
other methods one which starts rather early in the cycle and achieves 
phasing extremely adiabatically the so-called lond range homing system. 
This method is interesting because it allows a much larger phasing 
range than just one rf wavelength. A gap originating from inflector 
decay at single turn injection-or artificially created after multiturn injec­
tion can be positioned such that it falls into the deflector rise time in 
order to avoid particle losses at transfer energy. This rough phasing can 
be refined before ejection to accomplish the bunch to bucket phasing. 
Present ideas about this phasing problem at NAL and CERN are very 
similar and remind one of the early scheme of Tollestrup. 
RIM proposes to start the phasing at the beginning of the flat top. 
The magnetic field is slightly changed and the rf system switched off 
until the phase is correct. During the time envisaged (100 μs) no 
excessive debunching will occur, 
10. Intensity limitations 
One fortunate property of a fast cycling booster is that instabilities 
do not seem to be dangerous just because the booster is so fast. The first 
relevant space charge limitation occurs just after injection when the product 


















































































































































































































































































































































































































































































that Laslett's formula gives a rather sound prediction of the possible 
number of particles per pulse at this instant. A short time later the 
number of synchrotron oscillations per revolution Qs passes through a 
maximum which is rather large ( 0, 1). in a fast cycling booster. Qs can 
be kept small by a small booster mean radius, a smooth rise of the 
magnet current and an rf amplitude program matching the bucket size 
tightly to the bunch size at the beginning of the cycle. Attention must 
also be paid to space charge effects at transition energy. Recently at the 
CPS these effects have been cured almost completely by a rapid decrease 
of QH. Reference is made to a contributed conference paper describing 
that experiment13. 
Table II 







Harmonic number 374 
Frequency range 30 to 53 104 to 183 100 to 119 MHz 
Peak energy gain per turn 0.76 0.70 4.4 MeV 
Peak voltage per turn 0.81 0.92 5.5 MV 
No. acc. gaps+spare 30+2 32+4 288+48 
No. str. sect. occup. with cav. 8 18 7 
Acc. gaps per cavity 2 1 2 
Acc. gaps per power tube 2 1 6 
Total length of RF structure 38.4 23.4 196 m 
Nominal peak voltage per gap 27 28 19 kV 
Total peak resistive beam power 0.27 0.15 0.33 to 1 MW 
Total peak RF power 0.9 0.2 2.8 to 3.5 MW 
Total average RF power 0.25 0.07 0.7 to 0.8 MW 
Total weight of ferrite 11.4 
— 
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Д И С К У С С И Я 
Мяэ: Как профессор Хардт относится к медленному бvстеру малого диамет-
ра (по сравнению с диаметром основного ускорителя) и к возможности эффектив-
ного в ы о д а пучка из бустера на протяжении нескольких оборотов для ввода в 
в основной ускоритель? 
H a r d t : Such a booster has been studied in Brookhaven for the AOS improve-
ment. The mult i turns extraction has not been demonstra ted yet. I think the perfor-
mance would be bad and this booster would fall short in space charge capabil i ty. 
One may apply two-turn or three-turn extraction from the booster I descr ibed. This 
would be a mixture of the fast cycl ing and the slow cycl ing boosterture. This still 
can be if the horizontal acceptance is large enough and would reduce the f i l l ing 
time. But I think that this mode of operation is worse in space charge capabil i ty . 
Amman: Would you comment on the maximum number of oscillations per turn 
al lowed? 
H a r d t : The Q s value of the CERN 1964 des ign-s tudy was between 0,2 and 0,25, 
This must be considered as too high. By redusing the booster radius and p lay ing 
some tricks as the superposit ion of the 5th manget harmonic we are now in the 
range 0,1 to 0,15 depending on the bucket area. We consider 0,1 as a safe f igure. 
Elian: It was shown at the previous Conferen:e that when circumference ratio 
is large weak focusing magnet s tructure has several advantages . Would you kindly 
comment this for the case of boosters that you listed in table I? 
H a r d t : There was a paper given by A. A. Oarren. It referred to a booster, 
whl ;h would inject into the booster I described in my paper. The Garren weak focu-
s ing booster is only advantageous if the final e n e r g y is low and the ratio mean 
radius over bend ing radius is large. The boosters I described have a high final 
ene rgy and they are dense machines. So in this respect they do not differ from other 
synchrotrons. 
